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Introduction
KCNQ2 developmental-and-epileptic-encephalopathy (KCNQ2-DEE) is the most common genetic neonatal epilepsy and is frequently refractory to pharmacologic treatment. KCNQ2-DEE cause severe seizures early in life and long-term cognitive impairment. Despite strong genetic causality, therapeutic options remain limited, and it is unclear whether systemic gene replacement can effectively rescue disease phenotypes, particularly given the narrow therapeutic window associated with both loss- and gain-of-function mechanisms.
Here, we evaluate the feasibility of systemic adeno-associated virus (AAV)-mediated KCNQ2 gene supplementation as a treatment strategy for KCNQ2-DEE. In parallel, we incorporate a miRNA-based regulatory circuit to explore whether moderated expression improves safety or efficacy.
Methods
AAV transgene cassettes expressing murine wild-type KCNQ2 under a neuronal-specific hSyn promoter were engineered in both unregulated and regulated formats. Regulated constructs incorporated miRNA-based elements to attenuate expression strength. All constructs contained an N-terminal HA tag to distinguish exogenous KCNQ2.
Vectors were packaged into neuronal-tropic AAV.CAP-B10 capsid and delivered systemically via temporal vein injection at postnatal day 2 (P2) at a dose of 1×10¹² vg/mL.
For therapeutic evaluation, heterozygous KCNQ2-T274M mice were injected neonatally and assessed for seizure susceptibility using pentylenetetrazole (PTZ) challenge with behavioral scoring (modified Racine scale). Cognitive performance was evaluated using the Barnes maze. Ongoing studies are extending this approach to adult time points to determine whether delayed intervention can rescue established seizure and cognitive phenotypes.
Brains were analyzed for expression post-mortem, utilizing quantitative immunohistochemistry (IHC), with single-cell segmentation performed using Cellpose.
Results
Systemic neonatal delivery of KCNQ2 resulted in widespread neuronal expression across the brain. Both regulated and unregulated constructs achieved robust transgene expression, with regulated constructs exhibiting reduced overall expression levels and less cell-to-cell variability.
In pilot cohorts, neonatal gene supplementation produced preliminary seizure rescue following PTZ challenge. Barnes maze testing revealed learning deficits in untreated heterozygotes, while treated animals showed performance trends toward wild-type levels. 
Notably, preliminary comparisons suggest that unregulated KCNQ2 delivery may provide stronger seizure rescue than moderately regulated constructs.
Conclusions
These findings provide proof-of-concept that systemic AAV-mediated KCNQ2 gene replacement can rescue key seizure and behavioral phenotypes in a mouse model of KCNQ2-DEE. Early-life intervention appears particularly effective, supporting the potential for neonatal gene therapy in severe genetic epilepsies.
While regulatory elements can modulate expression profiles, initial results suggest that robust transgene expression may be critical for therapeutic benefit. Ongoing studies will determine whether treatment at later developmental stages can reverse established disease phenotypes, informing the therapeutic window for clinical translation.
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